Abstract: Measured electron injection probabilities (PJN) into the gate oxide of MOS structures [I] are presented for both liquid nitrogen and room temperature. For the first time PJN has been measured for total voltage drops (VTOT) in the substrate spanning from well below to well above the value corresponding to the Si-Si02 barrier height (V*ToT = @B 1 q = 3.15 V). In contrast to MOSFET data [2] , here two different injection regimes can clearly be distinguished. For Vror< V*TOT a regime occurs in which injection is no longer caused only by the electron energy gained in the electric field but also by the additional energy from phonon absorption. No lucky electron model holds true in this regime and therefore some insight will be given here by means of Monte Carlo simulations of the injection experiment. A simple analysis technique is developed, that explains the observed temperature dependence and injection regimes of PJN.
INTRODUCTION
Power supplies of present day ULSI circuits are approaching 3.3 V or lower values, that is the critical threshold of 3.15 V corresponding to the Si-Si02 barrier height. As a consequence, the energy of fieldheated electrons may not be sufficient for significant injection into the gate oxide. Additional energy-gain mechanisms are expected to cause the substantial hot-carrier effects still observed, thus raising new questions on the bias and temperature dependence of gate and substrate currents. In this work we investigate the temperature dependence of low voltage gate currents in MOS structures as a way to identify and clarify the role of a particular energy-gain mechanism, namely phonon absorption from the lattice. In order to avoid the combined and device dependent effects inherent in the twodimensional MOSFET geometry and field distribution [l] , as well as the competitive action of other energy-gain mechanisms such as electron-electron scattering [3], we focus on homogeneous injection experiments which are essentially one-dimensional and weakly affected by the electron-electron interaction.
THE MEASUREMENT SETUP
The structure used for injection is an n-MOS floating gate transistor ( Fig. 1) with so-called re-entrant layout [l] . A homogeneous stream of photo-generated electrons from the bulk reaches the depletion region and is accelerated towards the semiconductor-oxide interface due to the high electric field inside. Some of them are eventually injected into the floating gate. The gate current is measured indirectly by the threshold voltage shift, leading to extremely sensitive measurements down to 10-l8 A. We never observed any degradation of the gate oxide, which means that almost no electrons are trapped in it. The injection probability (PJN) is equal to the ratio of the gate current to the total current that reaches the area under the Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1996303 gate [l] . Due to the re-entrant layout we can calculate the total current from the measured drain current considering a geometrical factor of the device structure [4] . Fig. 2 and Fig. 3 show PIN as a function of VTOT at T = 77 K and T = 300 K respectively. The boundary values of the oxide field (Fo,) are given by the necessity that the device is still biased in inversion for the lowest value and tunneling of cold electrons is still small for the highest one. VTOT is calculated by PISCES-2ET [5] and approximately given by in which k is the Boltzmann constant, q the elementary charge, and ni the intrinsic carrier density. At both temperatures two different injection regimes are present: the high voltage regime with a shallow slope of the PJN curves, and the low voltage regime with a steep slope that depends on the oxide field (increasing slope with decreasing field). The transition region occurs around V*ToT= 3.15 V. This behavior is significantly different from that recently observed in MOSFETs [2] , in which it is not possible to distinguish between different gate current regimes in spite of a drain voltage range comparable to the VTOT range explored here. Comparing directly the curves at different temperatures in Fig. 4 , we observe that PJN at liquid nitrogen temperature is larger than at 300 K in the high voltage regime. This can be explained by the phonon emission scattering rate that dominates under the above conditions in Si. The number of scattering events in which electrons lose part of their energy by phonon emission is proportional to (Ng + 1) with
THE MEASUREMENTS
given by the Bose-Einstein relation, where A is Planck's constant divided by 2~, and W is the phonon angular frequency. A lower T leads to less emission and therefore to less energy loss; hence, more electrons will reach the interface with high energy thus increasing PJN. However, in the low voltage regime even the energy of ballistic electrons ~V T O T is not sufficient for injection over the barrier. Electrons may gain energies larger than qvToT in absorbing energy from lattice phonons [3] . Under these conditions the distribution function at the interface should exhibit a so-called thermal tail above qvTOT with a slope equal to the lattice temperature, as suggested by numerical and analytical results [3, 61. Since in this case the number of phonon absorptions is proportional to NB, at low applied VToT one would expect PJN to decrease with decreasing T. This would lead to smaller PJN values at 77 K than at 300 K, and PjN curves for different temperatures could cross each other (crossover). Furthermore we notice, that injection from the thermal tail at two different VTOT can be described in a quasi thermal equilibrium approach [7] as PJNI = C(Foo).exp(-Eth/kT) P J N~ = C(Fo=).e~p(-(Eth-nV~o~.q)/kT)
where C depends only on the oxide field, and Eth is the threshold energy for injection. Thus, the semilogarithmic slope of PJN against should return the lattice temperature However, if the above equation is used to interpret the low voltage regime measurements of Fig. 4 , the extracted effective temperature (TEFF) ranges from about 500 K at Fox = 2.08 MVIcm to about 700 K at Fox = 4.92 MVIcm (see the shifted Maxwellian distributions in Fig. 4) . The lattice temperature is definitely not reached. Furthermore, as seen in Fig. 4 , no crossover occurs for the high field curves, whereas the crossover observed for the low field ones lies within the measurement tolerances. 
THE SIMULATIONS
In the simulations PJN can be calculated as seen in the inset of Fig. 5 , with f (E,) the electron distribution at the interface (including the density of states) as a function of the normal electron energy, that is the energy computed from the normal component of the wavevector. Only electrons that move towards the interface contribute to this distribution. is the transfer probability from the silicon to the gate, and v, the electron group velocity. The transfer probability (Fig. 5) is computed by solving the Schrodinger equation in the oxide [l01 and, compared to the Fowler-Nordheim expression, provides a smooth transition between tunneling and thermionic emission by accounting for quantum reflections above the barrier. The Monte Carlo simulations included phonon scattering, impact ionization, impurity, carrier-carrier and plasmon scattering. Simulations performed with and without carrier-carrier and plasmon scattering provided the same results supporting the conclusion, that their influence is indeed negligible. For the sake of completeness, however, the following results will always include both of them. Fig. 6 shows f (E,) for bias points in the high and low voltage regime. As expected [3] , a thermal tail with an effective T = 77 K equal to the lattice temperature is observed at energies higher than q'VToTln, which is mostly due to phonon absorption [3] . Furthermore a peak due to ballistic electrons can be seen at ~' V T O T~~. Compared to f and vg is a weak function of energy. Thus, the distribution of the injected electrons is essentially given by fPsi.G (also shown in Fig. 6 ). The two different injection regimes can be explained by analyzing the maxima of thefPsi.~ curves, that indicate the energy range in which injection occurs. In the high voltage regime (VTon) electrons are injected only from the high effective temperature part of the distribution around @B, leading to the extraction of a high T E F~ from PJN versus VTOT data. In the low voltage regime (VTon) the average energy of the injected electrons is approximately q.VTOT1, that is much smaller than @B, due to the rapidly decreasing number of electrons in the thermal tail. As a consequence, injection is not only due to electrons in the tail, that gained additional energy by phonon absorption, but also by the electrons in the high effective temperature part off (E,,), that tunnel to the floating gate from energy levels well below CDB. Although very few, these electrons are still much more than those populating the tail. Thus, they give a relevant contribution to injection. This explains why T E F~ does not reach the lattice temperature, and why the crossover effect is not much pronounced even at the lowest VTor in the measurements (Fig. 4) . The contribution to the gate current of electrons with energy below ~.VTOT becomes even larger for increasing oxide fields (or thinner oxides) because of the more shallow slope of Psi.~ (E,,) , and this explains why the PJN slope decreases with increasing field in the low voltage regime. We would like to point out that the presence of additional scattering mechanisms not considered in this work may smear out the sharp transition in the distribution functions of Fig. 6 , but will not upset the qualitative picture outlined here, so long as f (E,,) decreases above q.VToT more rapidly than the increase in Psi.c. Finally we notice that the lucky carrier model and the thermal equilibrium approach based on Maxwellian distributions with a unique effective temperature cannot reproduce the sharp transition in the distributions of Fig. 6 , and hence will fail to predict the two different regimes evident by the data in Fig. 2 and Fig. 3 .
